Rhesus macaque -defensins (RTDs) are unique macrocyclic antimicrobial peptides. The three RTDs (RTD 1-3), isolated from macaque leukocytes, have broad-spectrum antimicrobial activities in vitro and share certain structural features with acyclic porcine protegrins, which are microbicidal peptides of the cathelicidin family. To understand the structural features that confer the respective cytocidal properties to -defensins and protegrins, we determined and compared the biological properties of RTD 1-3 and protegrin 1 (PG-1) in assays for antimicrobial activity, bacterial membrane permeabilization, and toxicity to human cells. RTD 1-3 and PG-1 had similar microbicidal potencies against Escherichia coli, Staphylococcus aureus, and Candida albicans in low-ionic-strength (10 mM) buffers at pH 7.4. The inclusion of physiologic sodium chloride partially inhibited the microbicidal activities of the RTDs, and the degree of inhibition depended on the buffer used in the assay. Similarly, the inclusion of 10% normal human serum partially antagonized the bactericidal activities of all four peptides. In contrast, the microbicidal activities of PG-1 and RTD 1-3 against E. coli were unaffected by physiologic concentrations of calcium chloride and magnesium chloride. Treatment of E. coli ML35 cells with RTD 1-3 or PG-1 rapidly rendered the bacteria permeable to -nitrophenyl-␤-D-galactopyranoside, and this was accompanied by the rapid entry of the RTDs. Finally, although PG-1 was toxic to human fibroblasts and caused a marked lysis of erythrocytes, the RTDs were not cytotoxic or hemolytic. Thus, compared to PG-1, RTD 1-3 possess substantially greater cytocidal selectivity against microbes. Surprisingly, the low cytotoxicity of the RTDs did not depend on the peptides' cyclic conformation.
Antimicrobial peptides (AMPs) are essential components of innate immunity. Numerous AMPs have been identified in mammals; and they can generally be divided into three groups: histatins, cathelicidins, and defensins. Histatins are histidinerich peptides found in saliva, and they exhibit antifungal properties in vitro (19) . Cathelicidins are structurally diverse peptides that are derived from the carboxyl-terminal sequences of cathelin-related precursors (40, 59) . Defensins are cationic, tridisulfide-containing AMPs that are produced by leukocytes and various epithelia (43) . They are subdivided into the ␣-, ␤-, and -defensin subfamilies, which are distinguished by peptide size and different disulfide motifs (43, 47, 48) . In humans, four ␣-defensins (HNP-1 to HNP-4) have been isolated from neutrophils (12, 42) and two enteric ␣-defensins (HD-5 and HD-6) are expressed by Paneth cells in crypts of the small intestine (35, 36) . The expression of HD-5 has also been detected in the female urogenital tract (37) . Three human ␤-defensins (hBD-1 to hBD-3) have been isolated from epithelial and nonepithelial cell types of various organs (2, 4, 13, 16) , and the expression of several others has been deduced by cDNA analysis or from analysis of the human genome (39) . Numerous lines of evidence suggest that defensins provide an antimicrobial effector function in skin (16) ; the respiratory epithelium (2); the urogenital tract (13) ; and various leukocytes, i.e., neutrophils (42) , monocytes (41) , and NK cells (7, 32) . Furthermore, defensins activate cells involved in both the innate and the adaptive immune responses, suggesting that they may serve to link the two branches of immunity (5, 56) .
The antimicrobial activities of human ␣-and ␤-defensins are generally antagonized by physiologic sodium chloride in vitro (2, 13, 24) . Thus, it was hypothesized that salt-induced inhibition of the antimicrobial activities of hBD-1 and hBD-2 underlie the increased incidence of bacterial infections in patients with cystic fibrosis (2) . Attempts to develop AMPs as therapeutics have focused on peptides with salt-resistant properties (1, 3, 8, 11, 14, 15) . In this regard, the microbicidal activities of hBD-3 are salt insensitive in vitro (16) , as are the activities of several linear, cysteine-free peptides, e.g., magainin, LL37, and cecropin-melittin hybrids (9, 11, 14, 17) . Porcine protegrin 1 (PG-1), a two-disulfide cathelicidin, also possesses salt-insensitive microbicidal activities in vitro. Structure-activity analyses of PG-1 revealed that its disulfide bonds are required for optimal peptide microbicidal activity under assay conditions that included physiologic salt, divalent cations, and serum (8) .
-Defensins are cyclic octadecapeptides formed by the posttranslational splicing of two nonapeptides derived from 76-amino-acid ␣-defensin-related precursors (48) . Three -defensins that have been isolated from acid extracts of leukocytes and bone marrow of rhesus monkeys (RTD 1-3) (25, 48, 50) exhibit broad-spectrum, salt-insensitive microbicidal properties against bacteria, fungi, herpes simplex virus, and human immunodeficiency virus type 1 (25, 30, 48, 58) . Humans do not express -defensin peptides since the expression of -defensins ceased near the time that orangutans emerged in evolution due to a mutation that introduced a premature stop codon in the peptide precursor (31) .
Although -defensins and protegrins are products of unrelated genes, they are structurally similar. Both are arginine-rich octadecapeptides in which the peptide backbone structure is dominated by a disulfide-stabilized ␤ sheet (48, 49) ; Fig. 1 ). Despite these similarities, recent studies of the interactions of the peptides with model lipid bilayers suggest that -defensins and protegrins employ different mechanisms to achieve their antimicrobial activities (52) . The studies reported here demonstrate the distinct functional properties of three closely related RTDs (RTD 1-3), provide insights into the mechanisms of antibacterial activity of the RTDs, and reveal that RTD 1-3 and PG-1 have markedly different selectivity profiles.
MATERIALS AND METHODS
Peptide synthesis, disulfide formation, and cyclization. The synthesis of PG-1 and RTD 1-3 was performed as described previously (48, 50) . Briefly, the peptides ( Fig. 1) were assembled on 9-fluorenylmethoxycarbonyl (Fmoc)-arginine-2,2,4,6,7-pentamethyldi-hydrobenzofuran-5-sulfonyl (Pbf)-polyethylene glycol graft polystyrene (PEG-PS) resins (RTD 1-3) or Fmoc-peptide amide linker PEG-PS (PG-1) resins and were cleaved from the solid support by treatment with reagent K (for RTD 1-3, and PG-1) or reagent R (for RTD-2) (48, 50, 51) . Linear peptides were purified by preparative C 18 reversed-phase high-performance liquid chromatography (RP-HPLC) from crude synthetic products, and the disulfide bonds were formed by air oxidation in 17.4 mM ammonium acetate, pH 8.0, with stirring (48) . Peptide cyclization (RTD 1-3) was carried out in 0.1% diisopropylethylamine-dimethyl sulfoxide with excess 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide and 1-hydroxybenzotriazole (48) . The extent of peptide cyclization was determined by C 18 RP-HPLC and matrix-assisted laser desorption ionization-time-of-flight mass spectroscopy. RTD 1-3 and PG-1 were purified to homogeneity by C 18 RP-HPLC and were characterized by acid-urea polyacrylamide gel electrophoresis, mass spectroscopy, and amino acid analysis (48, 50) .
Microbicidal assays. The antimicrobial activities of RTD 1-3 and PG-1 were determined in cell-suspension assays (48, 50) . Serial dilutions of each peptide (final concentrations, 0.05 to 10.0 g/ml) were prepared in 0.01% HOAc, incubated with 1 ϫ 10 6 to 2 ϫ 10 6 CFU/ml of the indicated log-phase bacterial or fungal organism in 10 mM 1,4-piperazinediethanesulfonic acid (PIPES), pH 7.4, containing 5 mM glucose in 96-well polystyrene plates (Corning, Corning, NY) in a final volume of 100 l. After 2 h of incubation at 37°C, 35 l of the incubation mixture was removed and diluted 1:50 in 10 mM PIPES, pH 7.4, and plated on Trypticase soy agar (bacteria) or Sabouraud dextrose agar by using an Autoplate 4000 instrument (Spiral Biotech). Samples of the incubation mixtures were examined at ϫ1,000 magnification with a phase-contrast microscope to confirm the absence of cell clumping under all conditions report here. After 18 to 24 h incubation at 37°C, the microbicidal activities were determined by colony counting and are expressed as CFU/ml or the percent killing relative to that of the no-peptide controls. The effects of ionic strength, divalent cations, and serum on the peptide activities were also determined by use of this assay format, as described in Results. Heat-inactivated human serum was prepared by incubation in a 55°C water bath for 30 min, followed by centrifugation to clarify the sample.
The minimum microbicidal concentrations (MMCs) of RTD 1-3 and PG-1 were determined by using a modification of the assay described above. Following the 2-h incubation step, 15 l of the incubation mixture was removed and serially diluted (1:10 to 1 :10 6 ) in Trypticase soy broth (bacteria) or Sabouraud dextrose broth (fungi) in a 96-well plate and grown for 24 to 48 h at 37°C until cell pellets were visible. Microbicidal activities were determined as the absence of growth and were correlated to the CFU/ml in control experiments, in which the activities were determined in parallel by colony counting (48, 50) . The absence of growth at the 1:10 3 dilution was equivalent to a 3-log reduction in microbial viability. The MMC was determined for each peptide as the lowest concentration that reduced cell viability by 99.9% in at least two experiments.
Membrane permeabilization assays. The effect of RTD 1-3 and PG-1 on bacterial envelope integrity was determined by measuring the hydrolysis of -nitrophenyl-␤-D-galactopyranoside (ONPG) in Escherichia coli ML35 (23, 44) . Peptides (final concentrations, 0 to 8 g/ml) in 10 mM PIPES, pH 7.4, containing 3 mM ONPG were incubated with 1 ϫ 10 6 to 2 ϫ 10 6 CFU/ml of log-phase bacteria in a final volume of 100 l. ONPG hydrolysis was measured at 405 nm for 60 min with a SpectraMAX 190 plate reader and SOFTmaxPRO 3.1 software (Molecular Devices Corp.). The effect of each peptide on ␤-galactosidase-dependent ONPG hydrolysis was separately determined by incubating 0 to 4 g/ml of each peptide with recombinant ␤-galactosidase in 10 mM PIPES, pH 7.4, containing 3 mM ONPG. The dose-dependent inhibition of 10 nM ␤-galactosidase was determined for each peptide and was used to calculate an adjusted rate of ONPG hydrolysis by whole bacteria as R ϩ (Ϫlog 10 C) ϫ m ϩ ⌬b, where R is the measured rate of hydrolysis, C is the peptide concentration, m is the slope obtained from a log-linear plot of the dose-dependent ␤-galactosidase inhibition by each peptide, and ⌬b is the difference in the y-axis intercepts obtained from plots of the ONPG hydrolysis rates by purified ␤-galactosidase in 10 mM PIPES buffer and identical mixtures containing 1 g/ml of each peptide.
Hemolysis and cytotoxicity assays. The hemolytic activity of each peptide was determined by the method of Tam et al. (46) . EDTA-anticoagulated human blood was obtained from a healthy donor, in accordance with a protocol approved by the University of California, Irvine, Institutional Review Board. Erythrocytes were harvested by centrifugation at 234 ϫ g for 10 min at 22°C, washed four times with phosphate-buffered saline (PBS; 10 mM sodium phosphate, 150 mM NaCl, pH 7.4) or PIPES-buffered saline (PiBS; 10 mM PIPES, 150 mM NaCl, pH 7.4) containing 4 mM EDTA, and resuspended in buffer without EDTA. Peptides in 10 l 0.01% HOAc were diluted with PBS or PiBS to final concentrations of 0.3 to 100 g/ml, and erythrocytes were added to 2% (vol/vol) in 100 l. Incubations were conducted with and without addition of 10% autologous serum. After 1 h of incubation at 37°C, the cell suspensions were centrifuged at 234 ϫ g for 10 min at 22°C. Fifty-microliter supernatant samples were removed, and the absorbance was measured at 405 nm. The hemolytic activity of each peptide was calculated relative to the 100% hemolysis obtained by incubation in 1% Nonidet P-40. A selectivity index (SI) was calculated and was the ratio of the peptide concentrations that produced 3% hemolysis (obtained from a dose-dependent hemolysis plot over 0 to 10 g/ml for PG-1 and 0 to 30 g/ml for RTD 1-3 of each peptide in PBS) to the lowest MMC value (g/ml) that generated 99.9% killing of any of the three test organisms.
Peptide cytotoxicities against HS68 human fibroblasts were evaluated by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) method of Li and Zhang (26) . HS68 cells were grown in Dulbecco's minimum essential medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 units/ml penicillin G sodium, and 100 g/ml streptomycin sulfate and were maintained in a humidified incubator at 37°C with 5% CO 2 . A total of 5 ϫ 10 3 cells was added to each well in 96-well plates (Becton Dickinson Labware), and the plates were incubated at 37°C for 18 h. Medium was replaced with DMEM containing 0.4% or 10% FBS without antibiotics, and peptides were added to final concentrations of 0 to 100 g/ml. After 1 h of incubation at 37°C, the peptide solutions were replaced with fresh growth medium, MTT was added, and cell viability was quantified spectrophotometrically (26) in triplicate with a SpectraMAX 190 plate reader and by using cells in test wells lacking peptide as controls.
RESULTS
Synthetic RTD 1-3 and PG-1. Three RTDs (RTD 1-3) and protegrin PG-1 ( Fig. 1) were synthesized, purified, and characterized as described in Materials and Methods. Each preparation was homogeneous (Ն99% pure by RP-HPLC) and indistinguishable from the corresponding natural peptide, as assessed by RP-HPLC, acid-urea polyacrylamide gel electrophoresis, amino acid analysis, and matrix-assisted laser desorption ionization-time-of-flight mass spectroscopy (48, 50) .
In vitro microbicidal activities of RTD 1-3 and PG-1. The microbicidal activities of RTD 1-3 and PG-1 were analyzed by determining the MMCs for each peptide against Staphylococcus aureus 502a, E. coli ML35, and Candida albicans 16820. The peptides were initially tested for their activities against the three test organisms in 10 mM PIPES-5 mM glucose, pH 7.4. As summarized in Table 1 (also see Fig. 3 ), the MMCs for all four peptides ranged from 0.4 to 3 g/ml (0.2 to 1.4 M) against the three organisms, consistent with the findings described in previous reports (8, 29, 48, 50) .
Preliminary studies suggest that RTDs function as antimicrobial effector molecules in the phagolysosome and may also play an extracellular role in innate immunity (unpublished data). Therefore, we evaluated the antimicrobial and cytotoxic activities of RTD 1-3 and the structurally similar peptide PG-1 under conditions more closely resembling those of the extracellular environment. We therefore tested the four peptides for their in vitro biologic activities in the presence of NaCl, divalent cations, and 10% normal human serum.
We first determined the staphylocidal activities of 5 g/ml of RTD 1-3 and PG-1 in the presence of increasing concentrations of NaCl. We previously reported that RTD-1 (10 g/ml) retained nearly all of its staphylocidal activity in normal PiBS, whereas an acyclic analog of RTD-1 was rendered inactive by physiologic concentrations of NaCl (48) . Even when the lower peptide concentration was used, no salt inhibition of killing was observed for any of the peptides until the NaCl concentration reached 80 mM (Fig. 2) . At 160 mM NaCl, the staphylocidal activities of RTD-1 and RTD-2 were reduced by 24%, and the rate of killing by RTD-3 was reduced by 10%. Over the range of concentrations tested, addition of salt had no effect on the microbicidal activity of PG-1 (Fig. 2) . Analogous experiments were performed with C. albicans as the target organism, and similar results were obtained. While 10 g/ml of each of the four peptides killed more than 3 log units of the input C. albicans yeast in PIPES buffer alone, the addition of physiologic saline reduced the rates of killing by RTD 1-3 by 37%, 16%, and 7%, respectively; NaCl addition had no effect on the killing activity of PG-1. We were unable to analyze the effect of NaCl addition on the activities of the peptides against E. coli ML35, as this organism was unstable in physiologic saline. The modest salt-mediated inhibition of RTD 1-3 observed is consistent with the findings described in earlier reports (48, 50) , demonstrating that the bactericidal activity of -defensin is substantially more resistant to salt inhibition than the activities of most ␣-and ␤-defensins studied to date.
Previous studies in our laboratory revealed that different buffering agents substantially affected the microbicidal potencies of various AMPs, especially when these activities were evaluated in the presence of physiologic saline. Thus, we determined the staphylocidal activities of RTD 1-3 and PG-1 in the presence or absence of 154 mM NaCl using 10 mM PIPES, 10 mM Tris-HCl, or 10 mM sodium phosphate, pH 7.4, as buffer systems. All four peptides were potently bactericidal in each of the three buffers in the absence of NaCl, as greater than 3 log units of killing was observed at peptide concentrations Յ2.5 g/ml (Fig. 3) . In the presence of 154 mM NaCl, higher concentrations of peptide were required for equivalent killing, and the relative activities of the RTDs were markedly affected by the buffer system. For example, the staphylocidal activity of RTD-3 was substantially inhibited by salt in PIPES buffer but was relatively unaffected by NaCl in Tris-HCl or sodium phosphate buffer (Fig. 3) . In 154 mM NaCl, RTD-1 killed approximately 90% of the input bacteria in all buffers, similar to the results shown in Fig. 2 . Of note was the fact that RTD-2 and RTD-3 were substantially more active than RTD-1 in the presence of physiologic saline in all three buffer systems. Unlike the RTDs, the staphylocidal activity of PG-1 was unaffected by buffer-salt combinations (Fig. 3) . These data reveal that the ionic milieu of the incubation medium has a marked influence on the microbicidal potencies of the RTDs and demonstrate significant differences in the relative activities of RTD 1-3.
Previous studies demonstrated that RTD 1-3 and PG-1 are also potently microbicidal against gram-negative bacteria such as E. coli and Salmonella enterica serovar Typhimurium (20, 48) . Since previous studies have shown that the killing of gramnegative bacteria and fungi by ␣-and ␤-defensins is generally inhibited by divalent cations (2, 24), we evaluated the effect of magnesium and calcium ions on the killing of E. coli and C. albicans by the four test peptides (Fig. 4) . Potent killing of E. coli by PG-1 and RTD 1-3 occurred in the presence of physi-FIG. 2. Effect of NaCl on the staphylocidal activities of the RTDs and PG-1. Log-phase bacteria were incubated with 5 g/ml of RTD 1-3 and PG-1 in 10 mM PIPES, pH 7.4, containing increasing concentrations of sodium chloride for 2 h at 37°C. Killing activities were determined by colony counting and were calculated as a percentage of the killing obtained in buffer alone. (Fig. 4, left panels) . Similar results (i.e., no inhibitory effect) were obtained when S. aureus was the target organism (data not shown). Although the peptide concentrations required for the equivalent killing of C. albicans tended to be slightly higher for all four peptides, the addition of MgCl 2 had little effect, similar to the result obtained with E. coli (Fig. 4) . However, the effect of added calcium was markedly different, as the three RTDs were completely inactive against C. albicans in the presence of 1.2 mM CaCl 2 (Fig. 4, right panels) .
The effect of serum on the bactericidal activities of peptides was tested by determining the staphylocidal activities of RTD 1-3 and PG-1 in 10 mM PIPES, pH 7.4, in the presence or absence of 10% normal human serum (higher concentrations of serum had confounding effects due to clumping or antimicrobial effects on the test organisms). While 10% serum alone had no effect on S. aureus, it slightly augmented the activity of PG-1 (Fig. 5A) . In contrast, serum partially inhibited the activities of RTD-1 and RTD-3 at low peptide concentrations (0.5 to 2 g/ml), but the inhibitory effect was not seen once the RTD concentration was increased to Ն 2 g/ml.
Similar experiments were performed with E. coli as the test organism. For these experiments, 10% heat-inactivated human serum was used to circumvent the complement-mediated effects against E. coli (33). At peptide concentrations Յ8 g/ml, the bactericidal activities of RTD 1-3 and PG-1 were antagonized by 10% serum to different degrees (Fig. 5B) . However, FIG. 3 . Effect of NaCl on staphylocidal activities of RTDs and PG-1 in different buffers. Log-phase bacteria were incubated for 2 h at 37°C with increasing concentrations of RTD 1-3 and PG-1 in 10 mM solutions of the indicated buffers with or without addition of 154 mM NaCl. Bactericidal activity was quantified by colony counting.
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CYTOCIDAL SELECTIVITY OF THETA DEFENSINS 947 this inhibition was overcome as the concentration of the RTD-1, RTD-2, and PG-1 peptides was increased to 16 g/ml. Interestingly, the activity of RTD-3 was inhibited by at least 60% regardless of the peptide concentration employed in this assay.
Permeabilization of E. coli cytoplasmic membranes. Previous studies showed that the microbicidal action of PG-1 correlated with the permeabilization of the bacterial cytoplasmic membrane (27, 57) . We tested RTD 1-3 for the ability to permeabilize E. coli ML35 cells by measuring the rates of ONPG hydrolysis by cytoplasmic ␤-galactosidase (23, 44) . Incubation of bacteria with 1 g/ml of RTD 1-3 or PG-1 induced the apparent influx of ONPG into treated cells (Fig. 6A) . In the case of PG-1, there was a very short lag before ONPG hydrolysis was detected, whereas RTD-1 and RTD-2 induced similar rates of hydrolysis, but after a 10-to 15-min lag. However, RTD-3 appeared to induce no bacterial permeabilization (Fig. 6A) , a result that was unexpected given that the MMC of RTD-3 against E. coli is nearly identical to those of RTD-1 and RTD-2 (Table 1 ; Fig. 4) . In separate experiments, we analyzed the concentration-dependent rate of ONPG hydrolysis for each peptide (Fig. 6B) . These experiments revealed a bimodal relationship between the peptide concentration and maximal ONPG hydrolysis, as increasing the PG-1, RTD-1, and RTD-2 concentrations inhibited the production of O-nitrophenol by bacteria exposed to peptide. Consistent with the data shown in Fig. 6A , there was little RTD-3-induced permeabilization even at the highest peptide concentration tested. The basis for these observations was revealed when we tested the effect of each peptide on the hydrolysis of ONPG by purified ␤-galactosidase. As shown in Fig. 6C, RTD 1-3 and PG-1 inhibited the ␤-galactosidase hydrolysis of ONPG to various degrees in a concentration-dependent manner. RTD-1, RTD-2, and PG-1 inhibited ␤-galactosidase activity by 36 to 52% at the highest peptide concentration tested (4 g/ml). However, RTD-3, at 2 g/ml, inhibited ONPG hydrolysis by 78%, raising the possibility that the low level of ONPG hydrolysis observed when E. coli ML35 cells were incubated with bactericidal concentrations of RTD-3 was the result of this inhibition. To determine whether the apparent ␤-galactosidase inhibition was intracellular and/or extracellular, ONPG hydrolysis was measured in the supernatants of incubation mixtures of E. coli ML35 cells We hypothesized that peptide entering permeabilized bacteria could inhibit cytosolic ␤-galactosidase, thereby reducing the rate of ONPG hydrolysis observed in incubations containing higher peptide concentrations (Fig. 6B) . We tested this hypothesis by determining the ␤-galactosidase inhibition coefficient for each peptide using data similar to those shown in Fig. 6C (also see Materials and Methods) and used this factor to correct the rates of ONPG hydrolysis observed for RTD 1-3 and PG-1. As shown in Fig. 6D , this correction produces doseresponse data that are consistent with substrate conversion as a function of substrate (ONPG) influx. Indeed, the corrected rate of hydrolysis rose in proportion to the concentration of each peptide and then plateaued at the approximate E. coli MMC for each peptide ( Fig. 6D; Table 1 ). Since ␤-galactosidase inhibition must occur intracellularly, these data suggested that the RTDs and PG-1 permeabilize E. coli cells and mediate their own uptake.
To further characterize the interaction of the RTDs with E. coli cells, we exploited the different ␤-galactosidase inhibitory activities of RTD-2 and RTD-3. E. coli ML35 cells were incubated with different concentrations (1.0 or 2.0 g/ml) of RTD-2 and RTD-3 or a 1:1 mixture of the two peptides. Under each set of conditions, ONPG hydrolysis was monitored spectrophotometrically for 60 min. As shown in Fig. 7 , the incubation containing 1 g/ml each of RTD-2 and RTD-3 produced a rate of hydrolysis that was less than that achieved with 1 g/ml of RTD-2 alone, clearly demonstrating the RTD-3-mediated inhibition of ONPG hydrolysis. Since no ␤-galactosidase was released by RTD-treated cells, the observed inhibition must have occurred in the cytosol of the permeabilized bacteria. The results provide further support for the conclusion that the RTDs mediate their own uptake and enter bacteria on the same time scale as the influx of ONPG.
Hemolytic and cytotoxicity profiles of RTDs and PG-1. Preliminary experiments indicated that the RTDs and protegrins possess different cytotoxicity profiles. We evaluated these properties further by determining the hemolytic activities of RTD 1-3 and PG-1 in the presence and the absence of autologous serum. In the absence of serum, PG-1 induced dosedependent hemolysis that reached 65% at a peptide concentration of 100 g/ml, whereas RTD-1 was nearly devoid of hemolytic activity at all concentrations tested (Fig. 8) . RTD-2 and RTD-3 had activities identical to the activity of RTD-1 (data not shown). In the presence of 10% autologous serum, 100 g/ml of PG-1 induced 42% hemolysis, whereas RTD 1-3 (100 g/ml) were completely nonhemolytic under these condi- tions (data not shown). The cytotoxic activities of the RTDs and PG-1 were assessed further by analyzing their effects on human fibroblasts. No cytotoxicity was observed for RTD-1 at concentrations up to 100 g/ml in the presence of 0.4% FBS (Fig. 9 ) or in the presence of 10% FBS (data not shown). On the other hand, PG-1 was highly cytotoxic for fibroblasts in 0.4% FBS (Fig. 9) , and this activity was only modestly attenuated by higher serum concentrations, as 50 g/ml and 100 g/ml of PG-1 killed 90% and 100% of the fibroblasts, respectively, in the presence of 10% FBS (data not shown).
The relative in vitro selectivities of RTD 1-3 and PG-1 were determined by calculating a SI for each peptide (see Materials and Methods). The SI for each peptide (Table 2 ) was determined by dividing the peptide concentration that produced 3% hemolysis by the lowest MMC value obtained ( Table 1) . As summarized in Table 2 , the SIs ranged from 2.1 (PG-1) to 14.0 (RTD-3). A similar analysis was attempted by using the cytotoxicity results obtained with fibroblasts (Fig. 9) ; however, it was not possible to generate SI values for the RTDs because no cytotoxicity was observed at the highest concentration of RTD 1-3 tested.
We postulated that the marked differences in the hemolytic/ cytocidal activities of RTD 1-3 and PG-1 were a function of the cyclic conformations of the RTDs. To test this hypothesis, we determined the hemolytic and cytotoxic activities of acyclic RTD-1 (aRTD-1), a synthetic peptide identical in sequence to RTD-1 but lacking the Arg-Gly peptide bond in the macrocyclic backbone (Fig. 1) . Surprisingly, aRTD-1 was indistinguishable from RTD-1 in its low hemolytic (Fig. 8) and noncytotoxic (Fig. 9) properties.
DISCUSSION
PG-1 and RTD 1-3 are broad-spectrum microbicides with activities in the micromolar ranges against bacteria and fungi (Table 1) (45, 48) . While these peptides are predominantly expressed by phagocytic leukocytes and are believed to contribute to the microbicidal milieu of the phagolysosome, they may also exert an antimicrobial effect extracellularly in a manner analogous to that of enteric ␣-defensins, which are secreted by Paneth cells into the lumen of the small intestine (34) . At least two in vivo studies demonstrate that enteric ␣-defensins play a critical role in antibacterial mucosal immu- Human red blood cells were incubated with 0 to 100 g/ml of RTD 1, aRTD-1, and PG-1 in PBS for 1 h at 37°C. The absorbance of supernatants from the incubation mixtures was measured at 405 nm, and the percent hemolysis was calculated relative to the 100% hemolysis produced by 1% Nonidet P-40. FIG. 9 . Cytotoxicity of RTDs and PG-1 for human fibroblasts. Human fibroblast (HS68) cells were exposed to 0 to 100 g/ml of RTD-1, aRTD-1, and PG-1 in DMEM containing 0.4% FBS for 1 h at 37°C. After a 24-h recovery period, cell viability was determined by the MTT method, and viability was enumerated as the percent viability compared to the viability of incubations lacking peptide. Table 1 .
b H, lowest peptide concentration that caused 3% hemolysis. The concentrations used to determine the lowest peptide concentration were 0 to 10 g/ml for PG-1 and 0 to 30 g/ml for RTD 1-3 (see Fig. 8 ). (38, 53) . To study the potential extracellular activities of -defensins, we assessed the relative microbicidal and cytotoxic activities of RTD 1-3 and the structurally related peptide PG-1 under various conditions, analyzing the effects of sodium chloride, divalent cations, and serum on peptide functions. RTD 1-3 and PG-1 were highly effective microbicides against grampositive (S. aureus), gram-negative (E. coli), and fungal (C. albicans) target organisms under low-ionic-strength conditions. To various degrees, increasing the ionic strength (with NaCl) of the incubation mixture antagonized the staphylocidal activities of RTD 1-3, but the differential effects of physiologic NaCl on the activities of RTD 1-3 were rather unexpected. Even at the low peptide concentrations used (5 g/ml), there was no inhibitory effect of NaCl supplementation up to 40 mM salt, and a very modest effect was noted with 80 mM salt. Increasing the NaCl concentration to 160 mM inhibited RTD-1-and RTD-2-mediated killing by approximately 24% and inhibited RTD-3-mediated killing by only 10%. Interestingly, there seemed to be no correlation between staphylocidal potency and the net charge of the three RTDs in 160 mM NaCl. Furthermore, the buffering salts (10 mM PIPES, Tris-HCl, and sodium phosphate) also influenced the activities of the peptides in the presence or the absence of physiologic NaCl (Fig.  3) . RTD-1 (net charge, ϩ5) was the most potent RTD in low-ionic-strength medium. In 154 to 160 mM NaCl, RTD-2 (net charge, ϩ6) or RTD-3 (net charge, ϩ4) was the most active, but the relative potency depended on the buffer. RTD-2 was the most active in PIPES, whereas RTD-3 was more active in Tris-HCl. In sodium phosphate, the relative potencies of RTD-2 and RTD-3 actually varied, depending on the peptide concentration being tested. These data highlight the complexity of the peptide-target interaction, one that appears to be markedly affected by the ionic milieu. In this regard, we found that the colicidal activities of RTD 1-3 and PG-1 were only slightly affected by physiologic concentrations of Ca 2ϩ and Mg 2ϩ but that calcium was highly inhibitory for RTD killing of C. albicans. Similarly, the antibacterial activities of RTD-1 and RTD-2 were inhibited to various degrees by normal human serum. However, with the exception of the anti-E. coli activity of RTD-3, the full activity of each peptide was achieved by modestly increasing the peptide concentration to levels ranging from 1 to 16 g/ml (Fig. 5) . The relative insensitivity of RTD 1-3 to salt, divalent cations, and serum seems to differentiate the activities of the -defensins from those of the ␣-and ␤-defensins, which are generally antagonized by these additives in vitro (2, 24) .
The killing of bacteria by protegrins and by AMPs in general has been attributed to the peptide-induced permeabilization of cytoplasmic membranes (6, 10, 18, 22, 27, 28, 44, 54, 55) . We previously reported that equal amounts of RTD 1-3 bind to a fixed number of E. coli cells, despite the fact that the MMCs of the three peptides vary slightly (50) . This indicated that postbinding events determine the bactericidal efficacy. In this study, ONPG hydrolysis experiments disclosed that RTD 1-3, like the protegrins, permeabilize E. coli cells. Maximum ONPG hydrolysis occurred at peptide concentrations approximating the MMC for each peptide, suggesting that bacterial killing is dependent on or closely linked to permeabilization of the bacterial membranes (Table 1 and Fig. 6 ).
The fact that higher concentrations of RTD 1-3 and PG-1 reduced ␤-galactosidase activity in peptide-permeabilized E. coli ML35 (Fig. 6 ) led to the hypothesis that -defensins are internalized in the cytoplasm of permeabilized bacteria. ONPG hydrolysis experiments with an RTD-2-RTD-3 mixture provided further evidence to support this hypothesis (Fig. 7) . We also performed similar ONPG hydrolysis experiments with RTD 1-3 and observed similarly reduced ONPG hydrolysis (data not shown). In separate ONPG hydrolysis experiments, the addition of isopropyl-␤-D-thiogalactopyranoside (IPTG), a nonhydrolyzable analog of ONPG that inhibits ␤-galactosidase activity, significantly reduced the rate of ONPG hydrolysis (data not shown). The observed influx of ONPG, IPTG, and RTD 1-3 demonstrates that -defensins permeabilize the E. coli cells to an extent that allows the passage of 500-Da molecules (ONPG and IPTG) and 2-kDa cationic peptides (-defensins) across the cytoplasmic membranes. These results are similar to data showing that PG-1 (27) , indolicidin (21) , and ␣-defensins (18, 54) permeabilize target cell membranes. Moreover, the cytoplasmic uptake of -defensins is consistent with the "self-promoted uptake" mechanism, wherein internalized AMPs disrupt essential cellular functions (28, 55) .
The structural similarities between RTD 1-3 and PG-1 support the concept that host defense peptides possess conserved molecular features necessary for their microbicidal effects. However, -defensins and protegrins have different cytotoxicity profiles and membranolytic selectivities. PG-1 reportedly permeabilizes Xenopus oocytes (27) and model membranes (57) , induces significant hemolysis (46) , and is cytotoxic to human fibroblasts (Fig. 9) . In contrast, -defensins caused very little hemolysis and were virtually noncytotoxic for human fibroblasts. Trabi et al. reported that the solution structures of PG-1 and RTD-1 showed significant differences in the flexibility of the peptide backbones and the distribution of the positively charged arginine residues within the peptide sequences (49) . The more rigid peptide PG-1 backbone may produce a peptide-membrane interaction that is poorly tolerated by host cells. Weiss et al. suggested that differences in the transition of RTD-1 and PG-1 within two distinct stages of the peptidemembrane interaction were due to peptide amphipathicity (52) . In PG-1, arginine residues are clustered in the ␤ turn and at the chain termini. In contrast, the positively charged residues in -defensins are located throughout the peptide chain ( Fig. 1) (48) . The fact that aRTD-1 was just as nontoxic to mammalian cells as RTD-1 demonstrates that the macrocyclic structure per se is not a major determinant of low toxicity. This finding may facilitate structure-activity studies aimed at delineating the sequence and other structural requirements needed to produce potentially useful therapeutic molecules.
